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Introduction 26
Active volcanoes are a major source of gases and particles to the atmosphere. A significant 27 contribution to global volcanic emissions comes from persistent degassing from volcanoes such as Mt 28 Etna (Sicily) and Masaya (Nicaragua). The activity at these volcanoes is characterised by the 29 sustained emission of volatile species (forming a quiescent volcanic plume) punctuated by sporadic 30 and typically minor eruptions. Volcanic gases are composed of > 90% H 2 O and CO 2 , and < 10% SO 2 , 31 The uptake of halogen acids (HF, HCl, HBr, HI) into sulphate particles has wide implications in 36 volcanology. The magmatic SO 2 /HCl gas ratio plays an important role in eruption forecasting and in 37 understanding volcanic degassing (e.g., Horrocks et al., 1999; Duffell et al., 2003) due to the SO 2 /HCl 38 ratio decreasing as the magma becomes more degassed. However, the magmatic SO 2 /HCl ratio may 39 be overprinted by preferential HCl uptake into sulphate particles. More generally, if uptake into 40 particles is significant, volcanic emissions of F, Cl, Br and/or I (Pyle and Mather, 2009 ) may be 41 underestimated if the gas and particle phases are not monitored together (as is often the case). Recent 42 measurements indicate ~1% of total HCl and HF are taken up into particles within the first few 43 minutes after emission (e.g., Mather et al., 2006a; Martin et al., 2008 Martin et al., , 2010 . 44
The uptake of halogen acids into particles is also environmentally important because particles have a 45 greater potential for deposition than gases, with the rate of sedimentation increasing with particle size. 46
In fact, uptake may control the extent of local deposition for halogen acids since volcanic plumes tend 47 to be emitted and transported at altitudes above the elevation of the surrounding land. At Mt Etna 48 (Sicily), significant airborne concentrations of particles were measured ~2 km below the plume ( Delmelle et al., 2002) . Uptake may also influence local 53 atmospheric chemistry, due to the enhanced rates of chemical reactions within, or on the surface of, 54 particles. Of special interest is the autocatalytic bromine explosion, which results in the production of 55 reactive Br species (e.g., Br, BrO) and rapid O 3 depletion (Oppenheimer et al., 2006 ; von Glasow, 56
2010). 57
In contrast to the halogen acids, nitric acid (HNO 3 ) is not thought to be a primary magmatic emission 58 (Mather et al., 2004 for this process remains unclear. In any case, HNO 3 uptake will likely promote N deposition and this 65 may be important in N-limited ecosystems (Huebert et al., 1999) . 66
The equilibrium limit of uptake is defined by "partitioning", which may be calculated without 67 reference to any time-dependent (i.e., kinetic) processes. While the thermodynamic Extended Aerosol In this study we use E-AIM to investigate the extent of HCl, HBr and HNO 3 partitioning over a wide 73 range of atmospheric (i.e., relative humidity, temperature) and plume (i.e., dilution, composition) 74 conditions. A simple three-parameter model is used to extend these results to HF and HI partitioning. 75
The effects of dissolved Na + ions on HCl partitioning are also investigated. These results offer newrange of implications for volcanology and the environmental geochemistry of volcanic emissions. 78 2 Methodology 79
2.1
The equilibrium assumption 80
Particles in quiescent volcanic plumes are mostly secondary in origin (i.e., non-silicate) and are 81 formed in different temperature regimes (Óskarsson, 1980 
the amounts of SO 4 2-and halogen and nitric acids (reflecting differences in SO 3 production at the 129 vent, and differences in the magmatic gas composition) and (4) plume dilution. The variables to be 130 investigated within E-AIM3 are: (1) relative humidity and (2) the amount of Na + (as a proxy for a 131 wider range of metal ions). Results are independent of the total atmospheric pressure because at fixed 132 temperature RH defines the partial pressure of H 2 O (p H2O(g) ; in atm) and the input composition defines 133 the partial pressure of HCl, HBr and HNO 3 (p HCl(g) , p HBr(g) and p HNO3(g) ; in atm). 134
We also use a three-parameter model for equilibrium partitioning (e.g., Mather et al., 2003) , which 135 considers non-dissociative dissolution of gas (HX) (i.e., Henry's law, K H:X ; E1A) and the subsequent 136 dissociation into ions (i.e., acidity constants, K A:X ; E1B). The concentrations of aqueous species are 137 defined by activity (a i ; in mol dm -3 ), while the concentrations of gaseous species are defined by partial 138 pressure (p i ; in atm). The total concentration of X in the particles is defined by a X(aq) (i.e., a X-(aq) + 139 a HX(aq) ) (E2). Literature values of K H:X and K H:A are given in Table 1 . The three-parameter model 140
shows that a X(aq) increases with increasing K H:X and K H:A , and decreases with increasing a H+(aq) . In 141 other words, acidic gas partitioning will decrease as the particles become more acidic. 142
The complexity of the E-AIM model does not allow for a full uncertainty analysis although the 146 uncertainty in the outputs will depend on the uncertainty of the thermodynamic database (Wexler and 147 The extent of HCl partitioning, which is represented by n Cl-(aq) , is quantitatively minor (<1% of initial 169 n HCl(g) ) below 80% RH but near-complete (>95%) above 95% RH (Figure 1 ). The increase in HCl 170 partitioning above 80% RH (which we denote RH crit ) reflects Cl -(aq) becoming the most abundant 171 anion (i.e., n Cl-(aq) > n SO42-(aq) + n HSO4-(aq) ). The significance is that changes in n Cl-(aq) may now influence 172 n H2O(aq) , or equivalently, that particle hygroscopicity is controlled by HCl rather than H 2 SO 4 . In this 173 regime, n Cl-(aq) and n H2O(aq) both increase with RH, allowing a large change in n Cl-(aq) for only a small 174 change in c Cl-(aq) . Eventually, the increase in n H2O(aq) exceeds the increase in n Cl-(aq) as the supply ofthan HCl or HNO 3 partitioning, being minor below 60% RH and near-complete above 85% RH. Thus, 179 at low RH, n Br-(aq) /n Cl-(aq) is greater than initial n HBr(g) /n HCl(g) (and, equivalently, initial p HBr(g) / p HCl(g) ), 180 implying a relative enrichment of the particle phase with Br. These differences reflect the greater 181 acidity of HBr than either HCl or HNO 3 (Table 1) , which allows for HBr partitioning into the highly 182 acidic particle phase present below RH crit . The increase in n H2O(aq) at RH crit has little effect on n Br-(aq) , 183 which is already close to its maximum value (defined by initial n HBr(g) ) . and equivalent Na* + (n Na*+(aq,s) , i.e., the total amount of Na* + in the aqueous and solid phases) for the 217 standard input composition at 298 K. Calculations were made by introducing equal amounts of Na* + 218 and Cl, simulating the addition of NaCl to acidic sulphate particles (e.g., Óskarsson, 1980) . Results 219 for equilibrium amounts of aqueous species and salts are shown in Figure 3 . Equilibrium amounts of 220 Na-sulphate salts (NaHSO 4 .H 2 O, Na 3 H(SO 4 ) 2 , Na 2 SO 4 ) are summed and shown as "other Na*(s)" on 221
Figure 3. The system shows complex behaviour because of salt formation. At low RH (e.g., 50%), 222 increasing n Na*+(aq,s) results in decreasing n H2O(aq) , n H+(aq) , n Cl-(aq) and n NO3-(aq) . Further increases in 223 n Na*+(aq,s) result in the crystallisation of less hygroscopic Na-sulphate salts rather than aqueous 224 solutions. The net result is that HCl partitioning decreases with increasing n Na*+(aq,s) due to a decrease 225 in the water content of the particle, and only increases when all SO 4 2-has been associated with Na* + with increasing n Na*+(aq,s) . We suggest that HBr (not considered within E-AIM3) and other acidic gases 233 will show similar trends to HCl and HNO 3 . 234 Figure 4 shows calculations for HCl, HBr and HNO 3 partitioning, expressed as a X(aq) /p HX(g) , from the 235 three-parameter model (E2). Also shown are calculations for HCl, HBr and HNO 3 partitioning from 236
E-AIM1. A good agreement is found between results from the three-parameter model and E-AIM1, 237
and the non-consideration of HBr(aq) and HCl(aq) within E-AIM1 appears justified in the case of 238 highly acidic sulphate particles. However, HNO 3 partitioning into acidic sulphate particles may be 239 underestimated within E-AIM1 because HNO 3 (aq) is not considered (only NO 3 -(aq)). In the three-240 parameter model, a X(aq) /p HX(g) for HNO 3 stabilises above K A:NO3 (corresponding to below ~60% RH) 241 because HNO 3 (aq) is present in greater abundance than NO 3 -(aq). We may speculate that HNO 3 (aq) 242
was not included within E-AIM1 because HNO 3 (aq) is unstable in other less acidic atmospheric 243 aerosols. Hence, while the uncertainties on a X(aq) /p HX(g) within E-AIM1 for HCl and HBr are small and 244 only relate to the uncertainties on the product K A:X K H:X , the uncertainties on a X(aq) /p HX(g) for HNO 3 (at 245 low RH) are potentially much larger. However, since NO 3 is a minor component of the particle phase 246 in volcanic emissions (e.g., Table 2 ), underestimation of a X(aq) /p HX(g) for HNO 3 is unlikely to 247 compromise E-AIM results for other species. 248
HBr and HI partitioning (Figure 4 ) are predicted to be similar in terms of a X(aq) /p HX(g) due to the 249 similarity in the product K H:X K A:X (Table 1 ). This result suggests that an estimate of n I-(aq) can be made 250 by substituting HI for HBr within the E-AIM1 model and calculating n I-(aq) as n Br-(aq) . This 251 approximation is justified because the differences in the activity coefficients (γ) of Br HF(aq) is more abundant than F -(aq) in acidic particles. n HF(aq) can be estimated from E1A, 256 substituting a HF(aq) = γn HF(aq) /V, where V is the aerosol volume, and p HF(g) = β(n HF(g):0 -n HF(aq) ), where 257 n HF(g):0 is initial n HF(g) ( Table 2 ) and β is the conversion factor between 1 atm and 1 mol m -3 at 298 K. 258
This approximation (E3) assumes that HF partitioning influences neither V nor the activity of other 259 components of the particle phase, and is justified if n HF(aq) remains a minor component of the particle 260 phase. HCl, HBr and HI have large γ at low RH (> 100), while HF has a small γ at low RH (e.g., < 1), 261 which would promote uptake according to E3. This simply reflects the constancy of the ratio a X(aq) /p HX(g) (E2) with fixed a H+(aq) . These results 270 indicate that at low RH, the particle phase is enriched in F, and to a lesser extent Br and I, relative to 271 the gas-phase composition (Table 2) . 272
Implications for volcanology and environmental geochemistry 273
In summary, the equilibrium partitioning of acidic gases into acidic sulphate particles is maximised at 274 high RH and low temperature, in near-source (i.e., less dilute) plumes with high SO 4 2-/SO 2 The 275 addition of NaCl enhances acidic gas partitioning at high RH, but diminishes acidic gas partitioning at 276 low RH due to the formation of Na-sulphate salts. 277 erroneously high measured SO 2 /HCl ratios. This effect is intensified by the fact that high RH is often 281 associated with lower temperatures (e.g., at night-time). Burton et al., (2001) reported an apparent loss 282 of 38% HCl to the particle phase, by comparison of SO 2 /HCl ratios in the day-time (302 K, 42% RH, 283 using solar occultation FTIR spectroscopy) and the night-time (292 K, 93% RH, using lunar 284 occultation FTIR spectroscopy). While their model for HCl partitioning was incomplete (i.e., H 2 SO 4 285 was not considered), our modelling results support their conclusions that the difference in SO 2 /HCl 286 may be explained in terms of HCl partitioning. HNO 3 , HBr and HI are not measured routinely in the 287 field, although partitioning is also predicted to be significant above ~80% RH. These results should be 288 taken into account when planning measurement strategies or when interpreting data from continuous 289 gas monitoring. 290
Over a wide range of atmospheric conditions acidic gas partitioning has negligible influence on gas-291 phase concentrations, e.g., p HCl(g) , p HBr(g) , p HI(g) , p HNO3(g) and p HF(g) . However, a small change in 292 temperature and/or RH may significantly affect the amounts of particle forms of acidic gases, e.g., n Cl-293 (aq) , n Br-(aq) , n I-(aq) , n NO3-(aq) and n HF(aq) . This would result in increased acidic gas partitioning in the night-294 time, when temperatures are typically lower and RH higher, consistent with clear diurnal trends in n Cl-295 (aq) at Masaya (Mather et al., 2003 ). Furthermore, since particle size also increases at high RH due to 296 water uptake (e.g., Figure 1 ), the rate of acidic gas deposition would be expected to increase during 297 the night-time. Equally, as RH is high during the wet season (April -October), acidic gas deposition 298 may be enhanced at certain times of the year, which may impact negatively on seasonal crop growth 299 Entrainment of air into the plume and dilution results in decreased aerosol volume (assuming that the 325 background aerosol volume is negligible) and decreased gas concentrations, which would promote 326 evaporation of halogen and nitric acids from the particles. Further complexity is introduced by the 327 dependence of partitioning on temperature and relative humidity. These factors may inhibit or 328 promote heterogeneous chemistry under certain conditions. In any case, it is likely that the 329 partitioning of halogen and nitric acids may have a strong spatial and temporal variation. Our results 330 are important because they establish the intrinsic thermodynamic influences on plume evolution.
Conclusions 336
The uptake of halogen and nitric acids into acidic sulphate particles is a fundamental process with 337 wide implications in volcanology and the environmental geochemistry of volcanic emissions. we show that the equilibrium partitioning of halogen and nitric acids into acidic sulphate particles is 341 maximised at high relative humidity and low temperature, in near-source (i.e., less dilute) volcanic 342 plumes with high SO 4 2-/SO 2 . The addition of NaCl enhances acidic gas partitioning at high RH, but 343 diminishes acidic gas partitioning at low RH due to a decrease in the water content of the particles and 344 the formation of Na-sulphate salts. We predict that acidic gas partitioning into acidic sulphate 345 particles is quantitatively significant (>1%) only in cool humid conditions (e.g., > 80% RH at 298 K), 346 adding confidence to spectroscopic and/or electrochemical determinations of gas ratios (e.g., 347
SO 2 /HCl, HCl/HF) for volcano monitoring. Over a wider range of atmospheric conditions, acidic gas 348 partitioning remains environmentally important because of significant changes in the amounts of 349 particle forms of acidic gases, e.g., HF(aq), Cl Despite the inherent limitations of the equilibrium assumption (i.e., is equilibrium attained over an 353 appropriate timescale?) and parametric modelling (i.e., are variables independent?), our results are 354 important because they establish the intrinsic thermodynamic influences on plume evolution. These 355 influences are complementary to the kinetic influences (i.e., chemical reactivity, dispersion) 356 considered within more complex models of ambient temperature plume evolution.
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